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Abstract 41 
 42 
Four species of planktic foraminifera from core-tops spanning a depth transect on the 43 
Ontong Java Plateau were prepared for Mg/Ca analysis both with (Cd-cleaning) and 44 
without (Mg-cleaning) a reductive cleaning step. Reductive cleaning caused etching of 45 
foraminiferal calcite, focused on Mg-rich inner calcite, even where tests had already been 46 
partially dissolved at the seafloor. Despite corrosion, there was no difference in Mg/Ca of 47 
P. obliquiloculata between cleaning methods. Reductive cleaning decreased Mg/Ca by an 48 
average (all depths) of ~4% for G. ruber and ~10% for N. dutertrei. Mg/Ca of G. 49 
sacculifer (above the calcite saturation horizon only) was 5% lower after reductive 50 
cleaning.The decrease in Mg/Ca due to reductive cleaning appeared insensitive to 51 
preservation state for G. ruber, N. dutertrei and P. obliquiloculata. Mg/Ca of Cd-cleaned 52 
G. sacculifer appeared less sensitive to dissolution than that of Mg-cleaned. Mg-cleaning 53 
is adequate, but SEM and analysis of contaminants, Al/Ca, Fe/Ca and Mn/Ca, show that 54 
Cd-cleaning is more effective for porous species. Lower analytical yield after Cd-55 
cleaning for G. ruber, G. sacculifer and N. dutertrei confirmed this to be the more 56 
aggressive method. Strongest correlation between analytical yield and Δ[CO32-] in core-57 
top samples was for Cd-cleaned G. ruber  (r =0.88 , p=0.020) and P. obliquiloculata  (r= 58 
0.68, p= 0.030). In a down-core record (correlation, r, between yield values > 30% and 59 
dissolution index, XDX, was -0.61, p =0.002). Where analytical yield is < 30% most Mg-60 
cleaned Mg/Ca values are biased by dissolution. 61 
 62 
63 
 3 
1. Introduction 64 
The seawater temperature proxy based on the ratio of Mg to Ca in foraminiferal calcite 65 
was developed during the 1990s and is now a routine part of paleoceanography 66 
[Nürnberg, 1995; Nürnberg et al., 1996; Rosenthal 1997; Hastings et al., 1998; 67 
Mashiotta et al., 1999; Lea et al., 1999; Elderfield and Ganssen, 2000]. Thorough 68 
cleaning of the foraminifera tests is necessary before analysis to remove contaminants 69 
which would otherwise bias trace-metal concentrations. Cleaning methods in current use 70 
derive from the protocol of Boyle [1981]. Cleaning involves first breaking open the test 71 
chambers, then fragments are then rinsed several times with water. This removes fine 72 
clays and any other sedimentary material trapped inside the test. An oxidative cleaning 73 
step (hydrogen peroxide buffered with sodium hydroxide) is necessary to remove organic 74 
material. A reductive cleaning step (anhydrous hydrazine-ammonium hydroxide-75 
ammonium citrate solution) removes coatings of metal oxides. Test fragments undergo 76 
further rinsing with water followed by a weak acid leach before the sample is finally 77 
dissolved for analysis. When Mg/Ca is the main interest, a simplified method which 78 
excludes the reductive step is often used. This method is referred to as “Mg-cleaning”, 79 
while the method including a reductive step is called “Cd-cleaning”. Contaminant phases 80 
which contain Mg, such as marine clays and some metal oxide coatings [Pena et al., 81 
2005; Weldeab et al., 2006], are associated with Fe, Al and Mn and these  elements are 82 
often monitored for quality control. 83 
 84 
A number of studies find that the two cleaning methods give slightly different Mg/Ca 85 
values even where Mn and Fe values show that samples are not contaminated The 86 
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interlaboratory comparison study of Rosenthal et al. [2004] used several species of 87 
planktonic foraminifera (G. ruber, G. sacculifer, P. obliquiloculata , G. bulloides, O. 88 
universa) and concluded that Mg/Ca was generally ~15% lower when Cd-cleaning rather 89 
than Mg-cleaning was used. . This is in agreement with Barker et al. [2003] who found 90 
that Mg/Ca after Cd-cleaning could be 10-15 % lower than with Mg-cleaning. This 91 
amount, or a fixed value of 0.2 mmol/mol is often used is a conversion factor between the 92 
two methods [Elderfield et al., 2006; Sadekov et al., 2010].  93 
 94 
Detailed examination suggests species specific, or study specific, differences in the offset 95 
between the two cleaning methods. Martin and Lea [2002] found that reductive cleaning 96 
made no difference to the Mg/Ca of (poorly preserved) Uvigerina species, but lead to a 97 
10% decrease in the Mg/Ca of (well preserved) Cibicidoides wuellerstorfi. Barker et al. 98 
[2003] confirmed no offset in Uvigerina but Yu et al. [2007] found a 10% decrease in 99 
Mg/Ca with Cd-cleaning for three species of benthic foraminifera including Uvigerina 100 
species and C. wuellerstorfi. Barker et al. [2003] found large offsets (> 15%) for G. 101 
ruber, Globorotalia hirsuta and Neogloboquadrina pachyderma, ~10 % for G. 102 
truncatulinoides and G. inflata , and no offset for G. sacculifer or G. bulloides. Studies 103 
using Laser Ablation (LA), rather than bulk solution, also found no difference in Mg/Ca 104 
after reductive cleaning for G. bulloides [Marr et al., 2013] and O. universa [Vetter et al., 105 
2013]. 106 
 107 
Mg-cleaning has the advantage that the method requires less time. It also avoids the use 108 
of the very toxic reagent hydrazine and leads to less loss of sample during cleaning; 109 
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however, there is no doubt that Cd-cleaning is more effective at removing contaminants 110 
[Boyle, 1981; Weldeab et al., 2006; Pena et al., 2005]. For these reasons, both methods 111 
are likely to remain in common use and it is important to understand what controls the 112 
offset in Mg/Ca. 113 
 114 
One explanation for the decrease in Mg/Ca after Cd-cleaning is that the reagent hydrazine 115 
dissolves test calcite slightly. Dissolution of planktonic foraminifera at the sea floor 116 
results in lower Mg/Ca, attributed to ‘selective dissolution’, as calcite containing Mg is 117 
more soluble than pure calcite [Lorens et al., 1977; Russell et al., 1994; Brown & 118 
Elderfield, 1996; Hastings et al., 1998; Rosenthal et al., 2000 Dekens et al., 2002; 119 
Regenberg et al., 2006]. It has been suggested, therefore, that lower Mg/Ca after Cd-120 
cleaning is caused by dissolution of test calcite by the reagents used in reductive cleaning 121 
[Barker et al., 2003; Rosenthal et al., 2004] Yu et al. [2007] established that the citrate 122 
added to buffer the reducing agent (hydrous hydrazine), when applied in isolation of the 123 
reducing agent, can dissolve foraminiferal calcite.  124 
 125 
Barker et al. [2003] raised the question of whether the offset in Mg/Ca between cleaning 126 
methods is sensitive to preservation state of tests. Until now, this issue has not been 127 
directly addressed. Although Rosenthal et al., [2004] included G. ruber and G. sacculifer 128 
from a deep site in their cleaning comparison study, the different cleaning methods were 129 
carried out in different labs and they did not address the topic specifically. Bian and 130 
Martin [2010] used N. dutertrei samples with a range of preservation states from a depth 131 
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transect, and compared protocols with different amounts of citrate in the reductive 132 
cleaning reagent, but did not compare to standard Mg-cleaning.  133 
 134 
Barker et al. [2003] suggested that the magnitude of the offset may be less for 135 
foraminifera from dissolved sediments. This would be the case if the decrease in Mg/Ca 136 
caused by reductive cleaning was sensitive to Mg concentration such that the offset in 137 
Mg/Ca between the two methods would be greater for well-preserved, high Mg/Ca, tests 138 
than for partially dissolved tests with low initial Mg/Ca. In this scenario, reductive 139 
cleaning would give a more reproducible result, insensitive to slight prior dissolution of 140 
the test, although less representative of initial Mg/Ca. Alternatively, partial dissolution of 141 
the test at the sea floor could allow greater penetration of corrosive reagents during 142 
cleaning, meaning that reductive cleaning would cause more dissolution, and associated 143 
leaching of Mg, in poorly preserved tests.  The primary question of this study is:  144 
(1) Does preservation state of a sample control the decrease in Mg/Ca caused by 145 
reductive cleaning?  146 
 147 
The second part of this study addresses the question: 148 
(2) Does analytical yield of a sample indicate the preservation state of foraminifera tests? 149 
Cleaning has a high attrition rate, and analytical yield (the percentage of the sample 150 
which reaches the instrument) can be a small fraction of the original. There is anecdotal 151 
evidence that more material is lost from samples which are poorly preserved. Yield may 152 
be as much as 80% for well-preserved tests cleaned by the Mg method but can fall to less 153 
than 10% for poorly preserved tests exposed to the more rigorous Cd-cleaning (M. 154 
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Greaves, pers. com.).  The effect of dissolution on Mg/Ca is a major drawback of this 155 
proxy. Tachikawa et al. [2008] suggest that yield may be worth monitoring as a 156 
dissolution indicator. They found that low yield (<20%) meant Mg/Ca was biased by, 157 
supralysoclinal, dissolution. However calibrations comparing yield to deep water calcite 158 
saturation are so far lacking. 159 
 160 
2. Material and Methods 161 
In order to address the two questions posed in the introduction we compare the effect of 162 
the two cleaning methods on the Mg/Ca of four species of planktonic foraminifera from a 163 
depth transect on the Ontong Java Plateau (OJP). Samples span a range of deep water 164 
calcite saturation states (Δ[CO32-]) from +13 to -20 µmol/kg. Δ[CO32-] is defined as the 165 
difference between [CO3
2-] IN SITU (measured [CO3
2-] at the site) and [CO3
2-] SATURATION 166 
(calculated [CO3
2-] value at saturation at the site). Δ[CO32-] values in Table 1 are from 167 
Johnstone et al. [2010]. The calcite saturation horizon is the depth where Δ[CO32-] is 168 
equal to zero. This is around 2700 m water depth at this site. The calcite tests of 169 
planktonic foraminifera are noticeably dissolved below this depth.  170 
 171 
Four species of planktonic foraminifera were used: Globigerinoides ruber (white), 172 
Globigerinoides sacculifer (with no sac-like final chamber), Neogloboquadrina dutertrei 173 
and Pulleniatina obliquiloculata. The four species are different physically. G. ruber and 174 
G. sacculifer have an open porous texture with surface ridges but little or no outer crust. 175 
N. dutertrei is also porous, but has a thick outer crust. P. obliquiloculata has a smooth 176 
veneer on top of its calcite crust and no obvious pores [Hemleben et al., 1989].  177 
 8 
 178 
Each sample consisted of  21 - 52 tests from the 300-355 µm size fraction, ~30 tests for 179 
Mg-cleaning and ~40 tests for Cd-cleaning, in accordance with the usual protocol. Most 180 
of the samples had previously been scanned by CT (computed tomography) for another 181 
study [Johnstone et al., 2011]. CT is a non-destructive technique and did not affect 182 
element to Ca ratio presented here. Samples were weighed before being crushed. This 183 
was used as initial mass in the calculation of analytical yield (this assumes that test mass 184 
consisted only of calcite and that contaminants are negligible). Mass of calcite after 185 
cleaning was calculated from the Ca concentration of the analyzed sample. 186 
 187 
All samples were cleaned and analyzed at the Godwin Laboratory, University of 188 
Cambridge and were cleaned according to the protocols used there. The Mg-cleaning 189 
method is based on Barker et al. [2003]. The method for Cd-cleaning is based on that of 190 
Boyle [1981]. There were some slight variations to the published methods, as follows. In 191 
both cleaning methods the “coarse silicates removal” step was carried out directly after 192 
the deionised water and methanol rinses. The reductive step was carried out before the 193 
oxidative step in the Cd-cleaning method. In order to isolate the effect of reductive 194 
cleaning Mg-cleaned samples received an extra oxidative step in lieu of the reductive 195 
step. This ensured that the number of rinses and amount of sample manipulation was the 196 
same for the two sets of samples. 197 
 198 
After cleaning, samples were analyzed, first by ICP-OES (Inductively Coupled Plasma – 199 
Optical Emission Spectrometry) to obtain Ca concentrations and also Fe/Ca. Samples 200 
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were then diluted to a constant Ca concentration and analyzed using the ICP-MS 201 
(Inductively Coupled Plasma - Mass Spectrometry) method developed for B/Ca analysis 202 
[Yu et al., 2005]. All core-top samples were cleaned and analysed over the same two 203 
week period. This manuscript deals only with Ca, Mg, Sr, Fe, Mn and Al. Other element 204 
data (Li, B, Zn, Cd, Ba, U) exists for these samples exist and will be reported elsewhere 205 
[Yu et al., in prep.]. At selected depths, an extra sample was cleaned for SEM (scanning 206 
electron microscope) examination to observe the physical effect of cleaning on the tests.  207 
 208 
Regressions between parameters (Δ[CO32-], Mg/Ca, analytical yield) were estimated by 209 
Slopes.exe program [REF]. Ordinary least squares Bisector method is presented.  210 
 211 
The effect of reductive cleaning on yield and on element to Ca ratios (Mg/Ca, Sr/Ca, 212 
Mn/Ca, Fe/Ca, Al/Ca) was evaluated by comparison of pairs of samples where each pair 213 
consisted of one Mg-cleaned and one Cd-cleaned sample from the same depth. 214 
Differences (of average) were considered statistically significant when a one sided t-test 215 
gave p < 0.1. When this was the case, the null hypothesis (reductive cleaning does not 216 
result in a lower value) was rejected. 217 
 218 
Samples from a core taken from deep (4157 m) in the Indian Ocean WIND 28K (10o 219 
09.2’ S, 51o 46.2’ E) [McCave, 2001] were used to further examine the relationship 220 
between analytical yield and dissolution.  221 
 222 
  223 
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3. Results  224 
3.1 Observations from Scanning Electron Microscopy  225 
SEM images show that even after Mg-cleaning, pores of G. ruber (not shown), G. 226 
sacculifer (Figures 1a) and N. dutertrei (Figure 2c, 2e) occasionally contained coccoliths 227 
or other sediment. Cd-cleaned tests had empty pores. Cd-cleaning was the more corrosive 228 
method and caused slight dissolution of calcite, particularly around the pores and at 229 
broken edges of tests (Figures 1b, 1d, 2d, 2f, 3b, 3f). Well-preserved tests from shallow 230 
sites of all four species had corrosion and damage to the inner calcite after reductive 231 
cleaning (Figures 1d, 2d, 3b). The outer surface of well-preserved tests of G. ruber (not 232 
shown), G. sacculifer (Figure 1b) and to a lesser extent, N. dutertrei (Figure 2b) also 233 
showed more corrosion after Cd-cleaning than after Mg-cleaning (Figures 1a, 2a). The 234 
outer surface of P. obliquiloculata appeared undamaged by either cleaning method.   235 
 236 
Although tests from deep sites had already undergone dissolution at the sea floor, 237 
reductive cleaning caused further corrosion. Again, the inner calcite of all four species 238 
was affected. Inner calcite of poorly preserved tests appeared friable and etched after 239 
reductive cleaning (Figure 2j, 3f). The outer surface of G. ruber (not shown) and G. 240 
sacculifer (Figure 1f) from deep sites was more corroded after Cd-cleaning than after 241 
Mg-cleaning (Figure 1e). The outer surface of N. dutertrei and P. obliquiloculata from 242 
deep sites did not appear to be further corroded by reductive cleaning (Figures 2g, 2h, 243 
3d).  244 
 245 
Sensitivity of Mg/Ca to Δ[CO3
2-] 246 
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Mg/Ca of all four species decreased with decreasing calcite saturation of deep water 247 
(Δ[CO32-]) (Figure 4). Regressions between Mg/Ca and Δ[CO32-]) were similar for both 248 
cleaning methods for G. ruber, N. dutertrei  and P. obliquiloculata. Mg/Ca of Cd-cleaned 249 
G. sacculifer appeared less sensitive to Δ[CO32-] than Mg-cleaned samples (Figure 4). 250 
 251 
3.3 Effect of reductive cleaning on Mg/Ca, indicators of contamination (Al/Ca, 252 
Fe/Ca and Mn/Ca), pairwise comparisons 253 
Data from 29 out of 33 potential pairs was available for comparison (one sample was lost 254 
during cleaning and in three other cases slightly different sample depths were run for Mg-255 
cleaning and Cd-cleaning methods. In a further three cases samples were too small to run 256 
on the ICP-MS so there is no Al/Ca data). Pairwise comparison of sample means (Table 257 
3) showed Cd-cleaning resulted in lower Mg/Ca than Mg-cleaning for two of the four 258 
foraminifera species.  Mean Mg/Ca, for all depths, was 0.17 mmol/mol, or ~10%, lower 259 
after Cd-cleaning than Mg-cleaning for N. dutertrei and 0.18 mmol/mol, ~4%, lower for 260 
G. ruber. The decrease in mean Mg/Ca due to reductive cleaning did not quite reach 261 
statistical significance for G. sacculifer (0.10 mmol/mol, or 3%, α = 0.10). In this species, 262 
there was a significant difference in Mg/Ca between cleaning methods in samples from 263 
above the calcite saturation horizon, where Mg/Ca was on average 0.21mmol/mol, ~5%, 264 
less for Cd-cleaned rather than Mg-cleaned samples. There was no difference in the offset 265 
between methods in samples from above and below the calcite saturation horizon for any 266 
other species. There was no decrease in average Mg/Ca between the two cleaning 267 
methods for P. obliquiloculata.  268 
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The highest values of Al/Ca, Fe/Ca and Mn/Ca were found in Mg-cleaned samples from 269 
above the calcite saturation horizon. Samples from deep sites at the Ontong Java Plateau 270 
tended to have lower levels of contamination particularly Fe/Ca and Mn/Ca. 271 
 272 
Mean Fe/Ca and Mn/Ca were lower after reductive cleaning for all four species (Figure 273 
5). Fe concentrations did not reach the detection limit of the ICP-OES for most of the 274 
reductively cleaned samples. Where Fe did not reach the detection limit, a value of zero 275 
has been used for Fe/Ca in order to compare samples. Comparison of sample means 276 
showed reductive cleaning lowered Fe/Ca by 93% for G. ruber; 94% for G. sacculifer; 277 
72% for N. dutertrei. There was no significant decrease for P. obliquiloculata. A negative 278 
value was recorded for Mn/Ca when Mn concentration was less than the zero standard on 279 
the ICP-MS. This was the case for several of the reductively cleaned samples. In these 280 
cases a value of zero was used for pairwise comparison between cleaning methods, but 281 
not in the plot (Figure 5). Reductive cleaning lowered mean Mn/Ca by 83% for G. ruber; 282 
97% for G. sacculifer; 81% for N. dutertrei and 53% for P. obliquiloculata. Mean Al/Ca 283 
was lower after reductive cleaning by 71% for G. ruber; 23% for G. sacculifer and 66% 284 
for N. dutertrei. Cleaning method made no difference to Al/Ca of P. obliquiloculata.  285 
 286 
 287 
3.4 Relationship of analytical yield with Δ[CO32-] and with MgCa 288 
Analytical yield (Table 3, Figure 6) was greater after Mg-cleaning than after Cd-cleaning 289 
for G. ruber (Mg-cleaning 32%; Cd-cleaning 16%), G. sacculifer (37%; 29%) and N. 290 
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dutertrei (36%; 25%). Yield was not significantly different between methods for P. 291 
obliquiloculata (27%; 35%).  292 
Regressions estimated between analytical yield of core top samples and Δ[CO32-] all 293 
show a positive relationship. Correlation was not significant at the 0.1 level for G. ruber 294 
and P. obliquiloculata cleaned by the Mg-method. The relationship may be mediated by 295 
sample mass. There is a strong correlation between Δ[CO32-] and mass of the initial 296 
sample and analytical yield is moderately correlated to sample mass. Yield of Mg-297 
cleaned G. sacculifer and N. dutertrei and Cd-cleaned G. ruber, G. sacculifer and N. 298 
dutertrei have a stronger correlation with Δ[CO32-] than with sample mass. 299 
 300 
For the down core record, WIND28K, yield and dissolution index, XDX, of G. sacculifer 301 
show a weak but statistically significant, correlation(r = -0.32, p = 0.020). Correlation 302 
was stronger when the dataset was restricted to values of yield >30% (r = -0.61, p = 303 
0.002). Correlation between sample mass and XDX was strong (r = -0.78, p = <0.001). 304 
There was some correlation between yield and total sample mass (r= 0.21, p = 0.130) and 305 
yield and average mass (r = 0.31, p = 0.030). 306 
 307 
Mg/Ca and yield  308 
Correlation between yield and Mg/Ca for the OJP core-top samples was less than that 309 
between Δ[CO32-] and Mg/Ca (Figure 4). Correlation was significant, p <0.050, for N. 310 
dutertrei and P. obliquiloculata (Table 3). 311 
312 
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4. Discussion 313 
4.1. Cause of decreased Mg/Ca after reductive cleaning: selective dissolution or 314 
more effective contaminant removal 315 
The physical corrosion of tests revealed by SEM, and the decrease in analytical yield, of 316 
Cd-cleaned compared to Mg-cleaned samples for three out of four species (Figs1, 2, 3, 6; 317 
Table 2) supports previous reports that reductive cleaning causes dissolution of 318 
foraminiferal calcite [Barker et al., 2003; Yu et al., 2007; Marr et al., 2013; Vetter et al., 319 
2013; Sadekov et al., 2010]. There was some evidence that this dissolution preferentially 320 
corroded Mg-rich areas of test calcite. Chemical mapping has illustrated that N. dutertrei 321 
and P. obliquiloculata have a low Mg outer crust [Sadekov et al., 2005; Kunioka et al., 322 
2006; Sadekov et al., 2010]. In our samples, SEM shows that the outer crust calcite of N. 323 
dutertrei and P. obliquiloculata was less corroded by reductive cleaning than the inner 324 
parts of the test (Figures 2b, 2d, 3b, 3d).  This ‘selective dissolution’ did not necessarily 325 
lead to change in Mg/Ca. P. obliquiloculata  were corroded by reductive cleaning, yet 326 
there was no significant difference in Mg/Ca between cleaning methods in this species. It 327 
appears that tests can be partially dissolved by reductive cleaning without this 328 
significantly affecting Mg/Ca.  329 
 330 
Addressing the suggestion of Barker et al. [2003] outlined in the introduction, there was 331 
no difference in the regression between Δ[CO32-] and Mg/Ca of Mg-cleaned and Cd-332 
cleaned samples for three out of the foraminiferal species analysed. The exception was G. 333 
sacculifer, where regressions trended toward smaller offset for poorly preserved samples. 334 
In this species, Mg/Ca of Cd-cleaned samples appeared less sensitive to the effect of 335 
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dissolution, decreasing by 0.021 (± 0.002) mmol/mol per unit Δ[CO32-] compared to 0.041 336 
(±0.010) for Mg-cleaned samples. 337 
  338 
In our study, the average (for all depths) decrease in Mg/Ca due to reductive cleaning, 339 
was less than the general correction factor of 15% suggested by Rosenthal et al. [2004], 340 
for all four species examined.  The average offset for G. ruber in this study of 4% (Figure 341 
4, Figure 5) is less than the 15% found by Barker et al. [2003] for well-preserved G. 342 
ruber from the Arabian Sea. It may be that our sample set does not encompass truly well-343 
preserved samples, G. ruber from even the shallowest sites on the Ontong Java Plateau 344 
appear slightly dissolved [Johnstone et al., 2010] and Mg/Ca of the shallowest samples 345 
do not represent annual average SST at the OJP (Figure 4). Therefore, we cannot 346 
completely exclude the possibility that there is a preservation effect in this species, 347 
although, for the range of dissolution covered by our sample set, there was no trend 348 
toward a smaller offset with decreased calcite saturation.  349 
 350 
For G. sacculifer, there was no significant difference between Mg-cleaned and Cd-351 
cleaned samples when considering the whole sample set. This is in agreement with 352 
Barker et al. [2003] who also found no difference in this species, but differs from 353 
Rosenthal et al. [2004] who found 8 %. For samples above the CSH, Mg-cleaned G. 354 
sacculifer were 5% higher than Cd-cleaned. However, this is probably within the error of 355 
the Mg/Ca method which is often assumed to be ±5 % [eg Anand et al., 2003]. 356 
 357 
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The effect on Mg/Ca of dissolution during cleaning is not predicted by dissolution at the 358 
seafloor. N. dutertrei and P. obliquiloculata from the Ontong Java Plateau show a similar 359 
sensitivity to the effect of natural dissolution on Mg/Ca (Figure 4). However, on average, 360 
Mg/Ca of N. dutertrei was ~10% lower after reductive cleaning, suggesting this species is 361 
very sensitive to cleaning protocol, while that of P. obliquiloculata was unaffected by 362 
cleaning method (Figure 4).  Again this differs from Rosenthal et al., [2004] who found 363 
an 8% decrease with Cd-cleaning in P. obliquiloculata. 364 
 365 
 366 
Efficiency of contaminant removal may contribute to the difference in Mg/Ca between 367 
cleaning methods. Although these OJP core top samples were cleaned adequately by Mg-368 
cleaning (Fe/Ca and Al/Ca levels were never indicative of contamination), SEM of our 369 
samples shows that Cd-cleaning is the more effective method, while Mg-cleaning can 370 
leave coccolith plates and detritus in test pores (Figures 1a, 2c). Decreased Al/Ca after 371 
reductive cleaning in G. ruber, G. sacculifer and N. dutertrei in this study (Figure 5) also 372 
confirms work of Boyle, [1981] that Cd-cleaning also removes sediment from tests more 373 
effectively than Mg-cleaning. Metal oxide phases are more likely to occur in down core 374 
samples, but even in these Pacific core-top samples Mn/Ca was lower after Cd-cleaning 375 
(Figure 5). These oxides can contribute contaminant Mg [Pena et al., 2006; Weldeab et 376 
al., 2006]. The slight calcite dissolution associated with reductive cleaning may actually 377 
be advantageous to remove authogenic calcites, which can be high in Mg, and any 378 
incorporated particles.  379 
 380 
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The tendency of tests to collect sediment or other contamination, may depend on 381 
morphology. Barker et al. [2003] demonstrated that G. bulloides, with its porous texture 382 
and open form, was more prone to clay contamination than other species. Previous 383 
studies have noted that pores are sites of contaminants [Pena et al., 2008; Vetter et al., 384 
2013]. In this present study, the smooth surface of P. obliquiloculata (Figure 3d) was 385 
never seen to be contaminated with sediment, unlike the porous tests of G. ruber, G. 386 
sacculifer (Figure 1) and N. dutertrei (Figure 2). In contrast to the three species above, 387 
Al/Ca (and Mg/Ca) of P. obliquiloculata was similar for both cleaning methods (Figure 388 
5) suggesting that there was little clay to be removed. We do not suggest that clay 389 
removal accounts for all of the difference in Mg/Ca between cleaning methods as what is 390 
removed does not fit the element ratio of typical marine clays. For example illite is 391 
roughly 2% Mg, 2% Fe, 10% Al, ie contains ~5 times more Al than Mg, whereas 392 
reductive cleaning removed ~6-7 times more Mg than Al or Fe (Table 3). 393 
 394 
The study specific, rather than species specific, differences in Mg/Ca between cleaning 395 
methods support the supposition of Rosenthal et al., [2004] that minor differences in 396 
cleaning protocol affect Mg/Ca.  In this study the “silicate removal step” was carried out 397 
for all samples, and in some laboratory protocols this step is omitted. Additionally the 398 
“oxidative step” was carried out twice in the Mg-cleaning method. We speculate that the 399 
intensity of sample crushing may also affect results. Recent studies using LA show that 400 
dissolution thins the walls of tests, but that high Mg bands persist in partially dissolved 401 
G. ruber  [Tachikawa et al., 2008], G. sacculifer  [Sadekov et al., 2010], O. universa 402 
[Vetter et al., 2013; Sadekov et al., 2010], and G. bulloides [Marr et al., 2013]. Finer 403 
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crushing potentially exposes more Mg-rich areas to corrosive reagents. Sensitivity to 404 
reagents may also be influenced by intrinsic characteristics of the test, such as 405 
arrangement of Mg or crystallinity, which vary between samples. Likelihood of 406 
contamination and the amount of Mg in contaminant phases also varies with locality.  A 407 
universal correction factor therefore may not be appropriate. Where high accuracy is 408 
required, comparisons should be made for the particular protocols and samples involved. 409 
 410 
4.2 Analytical yield as a potential indicator of sample dissolution and bias of Mg/Ca 411 
derived temperatures 412 
Maximum yield from core-top samples was ~60%, so a significant part of the original 413 
sample was never analyzed, even in well-preserved tests cleaned by the gentlest (Mg-414 
cleaning) method. Presumably part of the not-analysed fraction is clay, silicates and other 415 
contaminants. SEM showed that samples from below the calcite saturation horizon 416 
contained less detritus than those from shallower sites and are less likely to give high 417 
Al/Ca (Al/Ca > 30 μmol/mol) (Table 2). Most of the loss of material in poorly preserved 418 
samples therefore must be from the tests themselves. Samples from deep sites were 419 
noticeably more friable than well-preserved tests. They were easy to crush and formed 420 
small powdery fragments which remained on the surface of the cleaning solution and 421 
could potentially be discarded with the solution.  422 
 423 
 Does analytical yield decrease with decreasing Δ[CO32-] 424 
Correlation between Δ[CO32-] and analytical yield (Table 3) confirms anecdotal evidence 425 
that analytical yield tends to be lower for poorly preserved samples (Figure 6, Table 3) 426 
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In order to further test the utility of the relationship between yield and test preservation, 427 
we compared analytical yield of (Mg-cleaned) G. sacculifer to a record of preservation 428 
for a down core record for which Mg/Ca has been published [Kiefer et al., 2006, 429 
Johnstone et al., 2014]. Sediment core WIND 28K [McCave, 2001] spans the past 150 430 
ka. It was retrieved from 4,175 m water depth in the Indian Ocean from a site currently 431 
bathed in corrosive Circumpolar Deep Water. Δ[CO32-] proxy,  XDX, is based on the 432 
appearance of tests in CT scans and shows that tests are poorly preserved throughout 433 
much of the core [Johnstone et al., 2014] (Figure 7).  Good preservation (low XDX 434 
values) in WIND28K occurs during the deglaciations – generally times of good calcite 435 
preservation in Indian and pacific oceans [e.g. Berger, 1977] - and early in Marine 436 
Isotope Stage 3 – also a period of enhanced calcite preservation in the deep Indian Ocean 437 
[Anderson et al., 2008]. There is a weak correlation between yield and preservation state 438 
as indicated by XDX, (r = -0.32, p = 0.020). Considering only a subset of the data, where 439 
yield is >30%, gives a stronger correlation (r = -0.61, p = 0.002). This suggests that low 440 
yield can occur for any sample, but high yield tends to be associated with better preserved 441 
samples. 442 
 443 
Does analytical yield indicate altered Mg/Ca? 444 
The effect of dissolution on Mg/Ca derived temperatures is a major problem for 445 
paleoceanographic reconstructions. For instance, dissolution reduces calculated 446 
temperatures for N. dutertrei by ~9oC from the shallowest to deepest samples from the 447 
Ontong Java Plateau [Johnstone et al., 2011]. Our core-top samples suggest that for Mg-448 
cleaned samples, Mg/Ca is not reliable where yield < 30%. Mg/Ca of these samples was 449 
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biased by at least 10 %, which is equivalent to ~1 oC (Figure 8). For Cd-cleaned samples 450 
the picture is less clear cut. G. ruber and G. sacculifer yield can be very low (<10 %) 451 
while Mg/Ca is still representative. For the more robust species, N. dutertrei and P. 452 
obliquiloculata, discarding Mg/Ca where yield was <30 % would not get rid of all biased 453 
values and would reject one good value. The value of yield below which data is 454 
unreliable is likely to vary between workers. Human input may also distort the 455 
relationship between yield and dissolution if poorly preserved or small samples were 456 
treated more carefully than samples where tests appear more robust.  457 
 458 
Another confounding factor may be that of sample mass. This is strongly correlated to 459 
Δ[CO32-], as tests thin and become less abundant due to dissolution (Table 3). There 460 
appears to be some correlation between sample mass and yield, at least in some species 461 
(eg P. obliquiloculata r = 0.8, p =0.006).  In the down core, WIND28K, record 462 
correlation between yield and sample mass is also strong (r=0.-78, p = <0.001), but the 463 
correlation between yield and Δ[CO32-] proxy XDX appears less strong (r = 0.21, 464 
p=0.130) than for the Mg-cleaned G. sacculifer  from core-top samples (r = 0.64, p = 465 
0.125). Further work would be required to isolate the influence of sample mass on yield.  466 
 467 
Despite these caveats, we concur with Tachikawa et al., [2008], that it may be worth 468 
monitoring analytical yield as a first indicator of dissolution bias on Mg/Ca derived 469 
temperatures. Although there is a great deal of variability between individual data points, 470 
a succession of low yields may warn of a dissolved section of core.  471 
 472 
473 
 21 
5. Conclusions 474 
(1) There was no difference in the slope of regression between Δ[CO32-] and Mg/Ca of 475 
Mg-cleaned and Cd-cleaned samples for G. ruber, N. dutertrei or P. obliquiloculata. For 476 
G. sacculifer, Mg/Ca of Cd-cleaned samples appeared less sensitive to the effect of 477 
dissolution.    478 
 479 
Although Mg-cleaning is an adequate cleaning method if samples are not contaminated 480 
with a high Mg phase, Cd-cleaning removes contaminants more effectively, especially 481 
for porous species. SEM showed detritus in pores of G. ruber, G. sacculifer and N. 482 
dutertrei after Mg-cleaning while Cd-cleaned tests had clean, empty, pores. Elements 483 
indicative of contamination, Al/Ca, Fe/Ca and Mn/Ca, were lower after Cd-cleaning 484 
cleaning in these three species. Susceptibility to contamination is sensitive to 485 
morphology. P. obliquiloculata, which has a very smooth outer surface, did not have 486 
coccolith plates or sediment adhering to tests. Al/Ca was not decreased by reductive 487 
cleaning in this species, suggesting there was little contamination to be removed.   488 
 489 
Reductive cleaning causes slight dissolution of foraminifera tests. Lower analytical yield 490 
in G. ruber, G. sacculifer and N. dutertrei species cleaned by Cd- rather than Mg-method 491 
confirms this as the more aggressive method. Even tests which have already undergone 492 
dissolution at the sea floor showed corrosion after reductive cleaning and this corrosion 493 
was focused on inner, Mg-rich, areas of the test. This slight dissolution did not 494 
necessarily decrease Mg/Ca, as average Mg/Ca of P. obliquiloculata was not 495 
significantly lower after reductive cleaning. Reductive cleaning did decrease Mg/Ca in 496 
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some species. Mg/Ca was on average 4% lower for G. ruber (average of all depths), 5 % 497 
lower for G. sacculifer (if only samples above the CSH are considered), and 10% lower 498 
for N. dutertrei (all depths) after reductive cleaning. These offsets are generally lower 499 
than those of previous studies. If the decrease in Mg/Ca due to reductive cleaning is 500 
controlled by extrinsic factors, such as amount or type of clay contamination or intrinsic 501 
factors of the test calcite, which can change through time, or to slight differences in 502 
cleaning protocol a universal, or even species specific, correction factor between methods 503 
would not apply. 504 
 505 
(2)  Weak, but significant, correlation between Analytical yield and Δ[CO32-]  in core-top 506 
samples suggests that it may be worth monitoring this property as a first indicator of test 507 
preservation and dissolution bias on Mg/Ca. Mg/Ca values of Mg-cleaned samples were 508 
unreliable below 30 % recovery. The precise value is no doubt operator dependent. 509 
Analytical yield of Cd-cleaned samples, particularly of fragile species, can be low 510 
(<10%) but offer reliable Mg/Ca.  511 
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Figure 1. SEM image of cleaned G. sacculifer tests. Left hand side: tests cleaned using 512 
Mg-cleaning method; right hand side: tests cleaned using Cd-cleaning method.  Samples 513 
are from shallow (1616 m), panels (a) to (d); and deep (3400 m), panels (e) and (f), sites 514 
on the Ontong Java Plateau.  White scale bars are 10 µm long.  515 
(a) Test from a shallow site contains coccoliths and detritus after Mg-cleaning (white 516 
arrow) trapped in the pores. (b) Cd-cleaned sample is cleaner, but surface appears etched. 517 
Side view of broken test wall shows that inner calcite is more damaged by Cd-cleaning 518 
(d) than Mg-cleaning (c).  519 
(e) Mg-cleaned test from a deep site (3400 m) shows some dissolution damage to outer 520 
surface. (f) Cd-cleaning causes additional dissolution to the outer surface, even in tests 521 
which have already been slightly dissolved at the seafloor. 522 
 523 
Figure 2. SEM images of cleaned N. dutertrei tests.  Left hand side: tests cleaned by Mg-524 
cleaning method; right hand side: tests cleaned using Cd-cleaning method.  Samples are 525 
from a shallow (1616 m) site, panels (a) to (f), and a deep (3400 m) site, panels (g) to (j) 526 
on the Ontong Java Plateau.  White scale bars are 10 µm long. 527 
(a) Outer wall of Mg-cleaned test (a) from shallow site (1616 m) shows less etching than 528 
Cd-cleaned test (b).  (c and e) Cd-cleaning is the more effective cleaning method.  Mg-529 
cleaned samples can retain coccoliths and other detritus (white arrows) in the pores. (d) 530 
Side view of wall of Cd-cleaned test shows that inner calcite is slightly dissolved and 531 
separating into layers.  The outer calcite is not affected and is still solid.  Inner calcite of 532 
Mg-cleaned tests shows damage mainly around the pores (e), whereas Cd-cleaned tests 533 
show more widespread etching of the inner calcite (f). 534 
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(g, h) The outer surface of tests from a deep site (3400 m) show etching and pitting, due 535 
to dissolution at the seafloor, irrespective of cleaning method. Inner calcite, where 536 
present, appears porous and dissolved (i). Inner calcite was often completely separated 537 
from the outer crust. (j) shows the inside of an empty outer crust.  538 
 539 
Figure 3. SEM images of cleaned P. obliquiloculata tests. Left hand side: tests cleaned 540 
using Mg-cleaning method; right hand side: tests cleaned using Cd-cleaning method.  541 
Samples are from a shallow (1616 m) site, panels (a) (b) and (d), and a deep (2965 m) 542 
site, panels (c), (e) and (f), on the Ontong Java Plateau.  White scale bars are 10 µm long. 543 
Black scale bar is 100 µm long. 544 
Side view of broken test wall shows that Cd-cleaned test (b) is more dissolved, 545 
particularly the inner calcite, than Mg-cleaned test (a). The inner and outer calcite of P. 546 
obliquiloculata (also in N. dutertrei, not shown) tends to separate into inner and outer 547 
calcite when tests are slightly dissolved (c).  P. obliquiloculata has a very smooth outer 548 
veneer (d). 549 
Inner calcite of tests from the deep (2965 m) site is slightly dissolved (e).  Cd-cleaned test 550 
(f) is more corroded than Mg-cleaned test (e). 551 
 552 
Figure 4. Mg/Ca for four species of planktic foraminifera prepared by Mg-cleaning (blue 553 
triangles) and Cd-cleaning (red circles).  Sensitivity of Mg/Ca to Δ[CO32-] (decrease in 554 
mmol/mol per µmol/kg) is shown for each species and cleaning method. Cd-cleaned data 555 
of Dekens et al. [2002] (grey empty circles) shown for comparison. 556 
 557 
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Figure 5.  Comparison of element/Ca obtained by Mg-cleaning and Cd-cleaning for four 558 
species of planktic foraminifera. Solid lines are 1:1 lines; dashed line best fit to data 559 
forced through the origin. Where analyte does not reach detection limit for Fe/Ca, a value 560 
of zero has been plotted. On average (all samples, all species) Mg/Ca are 4% lower where 561 
Cd-cleaning rather than Mg cleaning was employed. Fe/Ca and Mn/Ca are lower after 562 
reductive cleaning for all four species. Al/Ca is lower after reductive cleaning for all 563 
species except P. obliquiloculata. 564 
 565 
Figure 6. Correlation (r) between analytical yield and deep water calcite saturation, 566 
Δ[CO32-]. For G. ruber, G. sacculifer and N. dutertrei mean analytical yield is lower after 567 
reductive cleaning. In P. obliquiloculata yield is similar for both cleaning methods. 568 
Slopes of regressions are given in Table 3. 569 
 570 
Figure 7.  Analytical yield for Mg-cleaned G. sacculifer from WIND28K, a core from 571 
deep (4157 m) in the Indian Ocean. Black line is δ18O of C. wuellerstorfi [Kiefer et al., 572 
2006]. Red line is dissolution index XDX [Johnstone et al., 2014], indicating 573 
preservation state of G. sacculifer tests. Good preservation, low XDX values, occurs 574 
during the glacial terminations (marked TI and TII) and between 150 and 270 cm. Brown 575 
line is analytical yield of Mg-cleaned G. sacculifer (thick line is 3 point running average). 576 
Horizontal lines are running (7 values) correlation coefficient between XDX and % yield 577 
(dark green) and p value (light green). Yellow bars highlight areas where there is 578 
significant correlation, r < -5 and p < 0.01. Lower panel shows regression between XDX 579 
and % yield, where yield is > 30%. 580 
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 581 
Figure 8. Change in Mg/Ca due to dissolution (ΔMg/Ca) versus analytical yield for core 582 
top samples from the Ontong Java Plateau. Values from the shallowest sample (1BC3, 583 
1,616 m water depth) in our depth transect from the Ontong Java Plateau were used as the 584 
100 % value. The red shaded area shows where Mg/Ca is biased by more than 10% 585 
(equivalent to ~1 oC). Where analytical yield is below 30 % (red horizontal line) the 586 
majority of Mg/Ca values are biased by dissolution. 587 
 588 
 589 
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 590 
 591 
 592 
Core Lat. Long. Water depth Δ[CO3
2-]  
 [° N] [° W] [m] [µmol/kg] 
1BC3 -2.24  -157.00  1616 13.8  
1.5BC33 -1.00  -157.85  2015 9.3  
2BC13 -0.01  -158.91  2301 4.9  
2.5BC37 0.00  -159.48  2445 4.3  
3BC16 0.01  -160.45  2959 -2.2  
3BC24 0.01  -160.43  2965 -2.3  
4BC51 -0.02  -161.02  3411 -5.8  
4.5BC53 -0.01  -161.39  3711 -11.8  
5BC54 -0.01  -161.77  4025 -14.7  
5.5BC58 0.00  -162.22  4341 -22.4  
6BC66 0.00  -162.70  4400 -23.0 
 593 
Calcite saturation (Δ[CO3
2-]) from Johnstone et al., [2010].   594 
 595 
Table 1.  Details of cores used in this study. 596 
 597 
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"Mg-cleaning" method * 
 
"Cd-cleaning" method 
Core 
 
Yield 
 
Mg/Ca Sr/Ca Al/Ca Mn/Ca Fe/Ca 
 
Yield 
 
Mg/Ca Sr/Ca Al/Ca Mn/Ca Fe/Ca 
  [%]   [mmol/mol] [mmol/mol] [µmol/mol] [µmol//mol] [mmol/mol] [%]   [mmol/mol] [mmol/mol] [µmol/mol] [µmol/mol] [mmol/mol] 
  
G. ruber (white), 300-355 µm 
1BC3 
 
38 
 
4.81 1.51 92 4.6 0.029 
 
33 
 
4.49 1.49 13 1.2 0.012 
1.5BC33 
 
34 
 
4.47 1.47 22 3.6 0.020 
 
23 
 
4.51 1.48 17 0.5 0 
2BC13 
 
26 
 
4.13 1.43 26 5 0.044 
 
24 
 
4.13 1.47 6 0.3 0 
2.5BC37 
 
32 
 
4.24 1.47 57 7.4 0.052 
 
7 
 
4.07 1.49 21 1.2 0 
3BC16 
 
20 
 
4.18 1.46 22 2.3 0 
 
2 •  4.17 1.45 n 0 0 
3BC24   40   4.28 1.49 19 3.3 0.031   10   3.65 1.45 6 0.8 0 
Average 
 
32 
 
4.35 1.47 40 4.4 0.029 
 
17 
 
4.17 1.47 13 0.7 0.002 
                 Average of paired differences (Mg- minus Cd-cleaned) 
    15   0.18 0.00 31 3.7 0.03 
                 
  
G. sacculifer (without sac), 300-355 µm 
1BC3 
 
58 
 
4.02 1.41 27 2.8 0.050 
 
42 
 
3.90 1.38 16 -0.3 0.012 
1.5BC33 
 
51 
 
4.24 1.38 32 2.5 0.036 
 
36 
 
3.86 1.36 22 0.2 0 
2BC13 
 
57 
 
3.76 1.34 6 0.9 0.023 
 
29 
 
3.58 1.35 4 -0.3 0 
2.5BC37 
 
47 
 
3.85 1.36 11 12.3 0.012 
 
33 
 
3.70 1.35 17 0.5 0 
3BC16 
 
25 
 
3.41 1.34 18 2 0 
 
27 
 
3.58 1.34 16 0 0 
3BC24 
 
52 
 
3.54 1.33 8 3.6 0.049 
 
35 
 
3.64 1.35 4 -0.3 0 
4BC51   35   3.64 1.34 21 1.3 0.019   1 •  3.54 1.35 n 0 0 
Average 
 
46 
 
3.78 1.36 17.57 3.63 0.03 
 
29 
 
3.68 1.36 13.17 -0.03 0.00 
                 
Average of paired differences (Mg- minus Cd-cleaned) 
    
15   0.09 0.00 3.83 4.05 0.03 
                 
  N. dutertrei, 300-355 µm 
1BC3 
 
42 
 
2.28 1.36 80 5.3 0.031 
 
25 
 
2.13 1.39 19 1.6 0.011 
1.5BC33 
 
49 
 
2.10 1.36 25 4.1 0.028 
 
48 
 
1.93 1.38 17 1.3 0.013 
2BC13 
 
50 
 
1.82 1.36 10 4.5 0.016 
 
32 
 
1.76 1.36 3 0.6 0 
2.5BC37 
 
44 
 
1.97 1.36 16 3.4 0.015 
 
27 
 
1.73 1.36 7 0.9 0 
3BC16 
 
35 
 
1.74 1.35 12 1.5 0 
 
19 
 
1.42 1.36 1 0 0 
3BC24 
 
38 
 
1.75 1.36 5 1.4 0 
 
20 
 
1.42 1.37 -2 -0.3 0 
4BC51 
 
24 
 
1.33 1.38 36 1.1 0 
 
19 
 
1.19 1.39 1 -0.2 0 
4.5BC53 
 
16 
 
1.44 1.39 14 0.5 0 
 
22 
 
1.24 1.39 13 0 0 
5BC54 
 
50 
 
1.40 1.42 19 1.1 0.020 
 
not run 
     
5.5BC58 
 
12 
 
1.08 1.44 18 0.6 0.000 
 
15 
 
1.18 1.42 15 0.1 0 
6BC66   
not 
run 
              22   1.07 1.43 4 -0.2 0 
Average 
 
36 
 
1.69 1.38 23.50 2.35 0.011 
 
25 
 
1.51 1.39 7.80 0.38 0.002 
                 
Average of paired differences (Mg- minus Cd-cleaned) 
    6   0.04 0 13.8 1.860 
0.007 
                 
  
P. obliquiloculata, 300-355 µm 
1BC3 
 
56 
 
2.84 1.43 39 7.1 0.032 
 
61 
 
2.87 1.39 43 2.6 0.011 
1.5BC33 
 
41 
 
2.66 1.42 12 4.2 0.021 
 
54 
 
2.52 1.41 23 2.2 0.014 
2BC13 
 
44 
 
2.33 1.44 9 4.4 0.012 
 
22 
 
2.52 1.42 3 2.3 0.009 
2.5BC37 
 0 
 
0 0 0 0 0 
 
33 
 
2.21 1.39 2 2.1 0 
3BC16 
 
not run 
      
30 
 
2.14 1.37 5 2.5 0.006 
3BC24 
 
33 
 
2.39 1.43 6 12.8 0.009 
 
31 
 
2.16 1.37 6 3.2 0 
4BC51 
 
11 
 
1.90 1.35 11 2.5 0 
 
37 
 
1.82 1.36 18 2.1 0 
4.5BC53 
 
13 
 
1.65 1.35 36 3 0 
 
27 
 
1.73 1.37 28 2 0.006 
5BC54 
 
48 
 
1.62 1.39 12 2.6 0.010 
 
not run 
 
 
   
5.5BC58 
 
3 •  1.46 1.38 n 1.7 0 
 
24 
 
1.47 1.30 20 1.7 0 
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6BC66   19   1.40 1.40 32 2.7 0   26   1.44 1.37 24 1.8 0.011 
Average 
 
27 
 
1.83 1.26 17.44 4.10 0.008 
 
35 
 
2.09 1.37 17.20 2.25 0.006 
                 
Average of paired differences (Mg- minus Cd-cleaned) 
    -15   0.01 0.03 0 2.6 0.003 
  
 
              
 
              
 
 
Element analysis by ICP-MS, except for Fe which was by ICP-MS, or if indicated by ● 
*Mg/Ca data from Johnstone et al. [2011] 
n, not measured 
0, below detection limit 
Non-significant differences in paired comparison have grey background 
 
Table 2.  Analytical yield and Mg/Ca, Mn/Ca, Al/Ca, Fe/Ca for four species of planktic 
foraminifera cleaned using Mg-cleaning and Cd-cleaning methods. 
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Species  
Cleaning 
protocol 
  
Regression between Mg/Ca and 
Δ[CO3
2-] (Fig 4) 
 
Regression between analytical yield 
and Δ[CO3
2-] (Fig 6) 
 
Correlation 
between 
sample mass 
and Δ[CO3
2-] 
 
Correlation 
between 
sample mass 
and 
analytical 
yield 
 
Partial 
correlation 
between 
analytical 
yield and 
Δ[CO3
2-] 
 Core-tops   n  Slope Intercept  Slope  Intercept  r p  r p  r p 
                           
G. ruber  Mg- cleaning 6  24 ± 4 -101 ± 20  0.89 ± 0.15 -24 ± 6  0.99 0.000  0.51 0.301  -0.89 0.02 
G. sacculifer  Mg- cleaning 7  24 ± 6 -88 ± 22  0.59 ± 0.15 -24 ± 8  0.86 0.013  0.64 0.125  0.40 0.38 
N. dutertrei  Mg- cleaning 10  30 ± 2 -54 ± 4  0.82 ± 0.11 -32 ± 5  0.84 0.002  0.41 0.238  0.64 0.05 
P. obliquiloculata  Mg- cleaning 10  25 ± 1 -56 ± 3  0.71 ± 0.08 -24 ± 5  0.93 0.000  0.58 0.079  -0.16 0.65 
                           
G. ruber  Cd-cleaning 6  20 ± 4 -77 ± 18  0.53 ± 0.07 -4 ± 2  0.92 0.009  0.67 0.149  0.91 0.01 
G. sacculifer  Cd-cleaning 7  49 ± 5 -176 ± 19  0.54 ± 0.15 -13 ± 5  0.66 0.110  0.26 0.571  0.80 0.03 
N. dutertrei  Cd-cleaning 10  35 ± 4 -56 ± 7  1.29 ± 0.37 -36 ± 9  0.83 0.003  0.58 0.079  0.26 0.47 
P. obliquiloculata  Cd-cleaning 10  26 ± 2 -59 ± 4  0.97 ± 0.18 -37 ± 7  0.97 0.000  0.80 0.006  -0.66 0.04 
                           
                           
            
Regression between analytical yield 
and XDX 
 
Correlation 
between sample 
mass and XDX 
Correlation 
between 
sample mass 
and 
analytical 
yield 
 
Partial 
correlation 
between 
analytical 
yield and 
Δ[CO3
2-] 
WIND28K            r  p     r p  r p  r p 
G. sacculifer   
 Mg- cleaning 
52         -0.32  0.020     -0.78 
<0.00
1 
 0.21 0.130  0.26 0.063 
   Subset where yield >30 %                   
   23         -0.61  0.002           0.73 
<0.00
1 
                           
 
 
 
 
Table 3.  Parameters for regressions between Mg/Ca and Δ[CO32-] (Fig 4) and analytical 
yield and Δ[CO32-] (Fig 6). Also correlation (r) between sample mass and Δ[CO32-], and 
partial correlation between analytical yield and Δ[CO32-], controlling for sample mass, for 
core-top samples from the OJP.   
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